New binucleating ligands, (L 1) N ,N ',N ",N "'-tetrakis(2-benzim idazolylm ethyl)-l,4,9,12-tetraazacyclohexadecane, and (L2) N .N ',N ",N "'-tetrakis(2-benzim idazolylm ethyi)-l,4,ll,14-tetraazacycloeicosane were prepared. From the reaction mixture of copper(II) salt and the ligand, new binuclear copper(II) complexes, Cu2( L ') ( N 0 3)4 (1), Cu2(L2)( N 0 3)4 (2), Cu2(L_)Br4 (3). and trinuclear complexes, C u3(L')C16 (4), and C u3(L2)Cl6 (5) were obtained. Cyclic voltamm ogram s revealed that the trinuclear complexes 4 and 5 are composed with the binuclear complex (1 or 2) and [CuC14]2~. The interaction between two metal ions in the binuclear complexes are confirmed on the basis of the E SR spectra. These binuclear complexes exhibit higher catalytic activity for the oxidation of TM PD by 0 2 molecule than those of structurally rigid binuclear copper(II) complexes and of flexible binuclear complexes in which two copper(II) coordination sites are linked by a single polyatomic chain.
Introduction
In the biological systems there are several metal enzymes which contain two adjacent metal ions with m oderate distance (3.5-4.0 Ä) in the active sites [1] [2] [3] [4] [5] [6] [7] . Hemocyanins [8 ] , tyrosinase [9] , cytochrome c oxidase [1 0 ] and manganese enzyme in the 0 2-evolving center of photosynthesis [1 1 , 1 2 ], etc. belong to this group. As shown in Table I , these proteins are concerned with the reaction in which 0 2 or 0 22-par ticipates, and several authors have pointed out that the formation of the bonding between two m etal ions and 0 2 (or 0 22~), as illustrated in Fig. 1 , is necessary for the em ergence of their functions [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In laccase, it has been assumed that two-electron transfer reaction from two copper atoms of Type-III to dioxy gen molecule occurs via the interm ediate complex formation in Fig. 1 [13] [14] [15] [16] , and also "concerted tw o-electron" transfer from the peroxide ion to two manganese ions has been proposed to proceed via the complex formation in Fig. 1 , which is undoubted ly im portant to decompose the w ater molecule to produce 0 2 molecule in photosynthetic system [6 , 7, 11, 12] ,
In the previous papers, Nishida and his co-workers have investigated the reactivities of synthetic binu clear copper(I) [18] , copper(II) [19] , cobalt(II) [20] , iron(III) [21] , m anganese(III) [22] , and heterobinuclear (C u-Co) complexes [23] , and concluded that these binuclear complexes function as a binu clear 0 2-carrier or two-electron carrier in several re dox reactions, and confirmed the importance of com plex formation in Fig. 1 for the high catalytic activity in the oxidation of organic substrates.
In these experiments we used the binuclear metal complexes of (a) structurally rigid binuclear com plexes, such as [Cu2(pia)2] (cf. 
Materials and Methods

Ligand Synthesis
The ligands cited in this study were prepared by the scheme in Fig. 3 . The ditosylates of diamines [41, 42] were obtained by the reported method. The well-dried (A -6 ) (17 g, 0.04 mol) was stirred in anhydrous dmf ( 1 0 0 ml) with K2C O 3 (16.6 g. 0.12 mol) at 110 °C. To this solution was added dropwise the dm f solution (50 ml) containing ethylenechlorhydrin (9.7 g, 0.12 mol), and the resulting solution was stirred for 3 h. A fter distilling off dmf. yellowish brown crystals were obtained by adding w ater, and the product was recrystallized from an ethanol solution, yield 17 g (83% ).
fram ew ork, and (b) structurally flexible complexes such as Cu2(L-4)4+ (cf. Fig. 2 ) [ 19f , 24] where the distance between two copper atoms is readily changeable. In order to obtain more detailed infor m ation on the reactivity of binuclear complexes, binucleating ligands of a new type are necessary.
A t present it is well known that macropolycyclic structures containing two binding subunits form dinuclear cryptates by inclusion of two metal cations into the cavity defined by the molecular framework. The general ideas underlying the design of such sys tems have been presented, and a num ber of bim etal lic cryptates of different structural types have been reported in recent years [25] [26] [27] . Various types of dinuclear complexes have been obtained with macro cycles containing two chelating subunits such as satu rated macrocycles [25, [28] [29] [30] [31] [32] [33] [34] [35] [36] or macrocyclic Schiff base and "com partm ental" ligands [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In such complexes, it is expected that the metal cations bound in the chelate units are held more flexible than that in [Cu2(pia)2] and more rigid than Cu2(L-4)4+, and thus these systems seem suitable for the model com pounds for binuclear metal enzymes.
We describe here the syntheses, properties, and reactivities of two related binuclear copper(II) com plexes in which the cations are bound to N4-chelating subunits constrained 16-or 2 0 -m embered macro cycles, as illustrated later. These binuclear complex es exhibit higher catalytic activity in the oxidation of TM PD by 0 2 molecule than those of the correspond ing m ononuclear complex and of a flexible binuclear complex such as C u2(L-4)4 t.
N ,N ' , 0 , 0 ' -Tetrakis(p-toluenesulfonyl)-N,N'-bis-(2-hy dr oxy ethyl)-1,6-diaminohexane( C-6 )
The tosylation of alcoholic group was carried out according to the m ethod by Fabbrizzi and Poggi [43] . The triethylamine solution (200 ml) of well-dried (B-6 ) (21 g, 0.0041 mol) was stirred in an ice bath (3 °C), and to this solution was added an ethereal solution containing p-toluenesulfonyl chloride (15.63 g. 0.0082 mol). A fter 24 h the white powder precipi tated was filtered, washed with w ater, and dried. R e crystallization from an ethanol solution to give white crystals, yield 26.8 g (80%). 
.11.14-tetraazacycloeicosane( D-6)
The N4-macrocycle was prepared by the high dilu tion m ethod reported by Fabbrizzi and Poggi [43] . The well-dried (A -6 ) (7.64 g, 0.018 mol) was dissolv ed in anhydrous dmf (500 ml), and to this solution was added the excess N aH (50% oil suspension, 25 g) under a nitrogen atm osphere. A fter the addition of N aH , the solution was heated to 110 °C, and to this solution was added drop by drop (1 drop/5 sec) the anhydrous dmf solution (300 ml) of (C-6 ) (14.7 g, 0.018 mol). The resulting solution was heated under reflux for 3 h, and the white precipitates were ob tained by the addition of water. Three times recrys tallization from a m ethanol-chloroform solution gave the desired com pound, yield 3.9 g (24%).
1.4.11.14-Tetraazacycloeicosane hydrogen bromide (E-6)
The H B r-H O O C C H 3 solution (2 1) containing (D -6 ) (23.5 g, 0.0026 mol) was refluxed for 48 h. By adding ethanol to the residue after the solution was distilled off, the desired com pound was obtained as white powder (hygroscopic).
N ,N ' ,N",N"' -Tetrakis(2-benzimidazolylmethy I) -1.4.11.14-tetraazacycloeicosane(L2)
The anhydrous dm f solution (100 ml) of (E-6 ) (2 g, 0.0033 mol) and K2C 0 3 (5 g) was stirred at 110 °C for 1 h. To the solution was added dropwise the dmf solution (50 ml) of 2-chloromethylbenzimidazole (2.18 g, 0.0132 mol), and was stirred for 1 h further. The residue obtained by the usual work-up, was treated by water, and the yellow powder thus obtained was recrystallized from a water-m ethanol solution. A fter several recrystallization, yellow crys tals were obtained, yield 2.24 g (80%).
Analogous (A -4 )-(L ') and (L), N ,N '-bis(benzim idazolylmethyl)-N,N'-dimethylethylenediamine (c/. Section 3) were prepared by the same procedure as described above. Analytical data of the new com pounds are listed in Table II .
Copper(II) complexes
The copper(II) complexes were obtained by mix ing the methanol solution of copper(II) nitrate (or copper(II) chloride, copper(II) bromide) and the ligand; these are binuclear complexes, Cu2(L ')(N 0 3)4 (1), Cu2(L2) (N 0 3) 4 (2), Cu2(L2)Br4 (3), trinuclear complexes, Cu3(L 1)Cl6 (4), Cu3(L2)C16 (5), and m ononuclear complex, C u (L )(N 0 3) 2 (6 ). The analyt ical data of the new copper compounds are given in Table III .
Physical measurements
ESR spectra were obtained with a JE O L ESR ap paratus model JFX-FE3X by using an X-band. The cyclicvoltammograms were obtained in anhydrous dmf solutions according to the published method [44] . The concentration of a complex and tetraethylammonium perchlorate (supporting electrode) were 0.001 and 0.1 mol, respectively. The potentials were referenced to that of ferrocene (Fc/Fc+, E 1/2 = 0.40 V vs N H E ) [45] .
Wavenumber / 103 cm 1
Fig. 4. Absorption spectra (in dmf) Cu^(L2)4+ (------), Cu2(L ')4+ ( -------) and Cu(L)2+ ( ---------).
Results and Discussion
Characterization o f new compounds
In Fig. 4 , the absorption spectra of m ononuclear complex 6 , and binuclear complexes, 1 and 2 , are shown. The spectral properties of these complexes are similar to each other, indicating that the coordi nation sphere in the binuclear complexes are almost the same as that in m ononuclear one, as shown below.
ESR spectra obtained in this study are shown in Fig. 5 . M ononuclear complex 6 gives gM = 2.270,|A n| = 141 gauss. The spectral pattern of the complex 1 is very similar to that of com pound 6 , however the hyperfine coupling constant in g,, region is 71 gauss, which is as half as that of compound 6 . This is indicating the presence of interaction between two copper(II) ions in binuclear compound 1 , and the similar spectra have been observed for several cases [46, 47] . Contrary to this, the ESR spectrum of com pound 2 is rather similar to that of compound 6 , although the broadening of the peaks in gM region is observed.
In Fig. 6 , several cyclivoltammograms are shown. For compound 6 , one redox wave is observed at ca. -0 .4 8 V (vs Fc/Fc+), which should correspond to the redox couple of C u(II)/Cu(I). For the binuclear com pounds, two broad separated waves are observed as exemplified by compound 2 in Fig. 6 . Similar cycli voltammograms were reported for several binuclear metal complexes [48] [49] [50] [51] [52] [53] .
V vs' EFc/Fc* 
Properties o f trinuclear complexes
In Fig. 7 , the cyclivoltammograms of trinuclear compounds, 4 and 5 are shown where (L-mx) and (L-3) are ligands analogous to (L-4) [24] , In the case of compound 5, the peaks in the range -0 . 5 -----0.9 V are very similar to that of com pound 2 ( c f Fig. 6 ). The another peak was observed at ~0 V. The latter peak should be due to [CuCl4]2-ion, suggesting that the com pound 5 is a double salt with compound 2 and [CuCl4]2~.
Reactivity o f binuclear complexes
The catalytic functions of two binuclear complexes . The catalytic activity was evaluated by measuring the increase of the absorb ance at 560 nm due to the T M PD + form ed in the solution [19] , the results being illustrated in Fig. 8 .
In Fig. 8 , the catalytic activities of flexible binuclear copper(II) complexes such as C u2(L-6 )4+ is also show n. It is clear that the binuclear copper(II) compounds obtained in this study exhibit much higher activity that those of m ononuclear complex 6 , flexible binuclear complex such as Cu2(L-6 )4+, and also those of regid binuclear complexes such as [Cu2(pia)2]. In the previous papers, Nishida et al. have extensively studied the reaction mechanism in the oxidation of TM PD by 0 2 catalyzed by the metal complexes, and have concluded that two-electron transfer from two TMPD molecules are transfered to dioxygen molecule "concertedly" in the following steps; (i) in the first stage a weak charge-transfer state, 2 TMPD + Cu11-C u11 -> 2T M PD d+ ••• CuII-d-Cu11-6 is formed, and (ii) two-electron transfer reaction from TMPD to 0 2 molecule occurs via the interm edi ate complex formation as shown in Fig. 1 . For the facile formation of the interm ediate complex, C u-Cu distance should be in the range 3.5 ~ 4.0 Ä. It is preferable that the reduction potential of the copper(II) ion is more positive for the ready form a tion of a charge-transfer state, and also that the geometry around the copper ions should be elastic, because the electron transfer reaction from copper to 0 2 may proceed in "inner-sphere mechanism" . All these discussion are consistent with the present re sults that the binuclear complexes obtained in this study show the highest activity among the binuclear copper(II) complexes investigated for the oxidation of TMPD.
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